MEASUREMENT OF THE DENSITY OF BASE FLUIDS
Important parameter used t o describe t h e r e s u l t s i s t h e change i n r e l a t i v e volume w l t h change i n pressure dvr/dp. For pressures l e s s than t h e s o l l d l f l c a t l o n pressure ( p < pS) a small change i n pressure r e s u l t e d i n a large change i n dvr/dp.
For pressures greater than t h e s o l i d i f i c a t i o n
pressure ( p > pS) t h e r e was no change i n dvr/dp w l t h changing pressqre. The
solidification pressures o f t h e base f l u i d s v a r i e d considerably, as d l d t h e
slopes t h a t the experimental data assumed f o r p < p, .
A new formula was developed t h a t describes t h e e f f e c t o f pressure on d e n s i t y i n terms o f four constants. These constants vary f o r t h e d l f f e r e n t base f l u i d s tested. 
INTRODUCTION

One of the p r o p e r t i e s t h a t i s c h a r a c t e r i s t i c o f every m a t e r i a l i s Wts denslty. I t i s defined as
where M mass of l u b r i c a n t , kg v volume, m 3 I n a l u b r i c a n t o r base f l u i d , f o r a comparable change i n pressure, the density change i s small compared w i t h t h e v i s c o s i t y change. However, a t the very hlgh pressures e x i s t i n g i n elastohydrodynamic l u b r i c a t i n g f i l m s , the l i q u i d can no longer be considered as an incompressible medium. I t i s t h e r e f o r e necessary t o consider the dependence o f t h e density on pressure.
The v a r i a t i o n o f t h e density of l i q u i d s w i t h pressure has been studied by a number o f i n v e s t i g a t o r s . The densi t y of l u b r i c a t i n g 01 1s used I n elastohydrodynamical l y l u b r i c a t e d cnntacts has been described by t h e f o l l o w i n g r e l a t i o n s h i p : where p i s expressed i n gigapascals. Equation (2) was obtained from Dowson and Hlgginson (1966), This equation s t a t e s t h a t t h e v a r i a t i o n o f denslty w i t h pressure 1s roughly l i n e a r a t low pressures b u t t h a t i t s r a t e of Increase f a l l s o f f a t hlgh pressures. The maximum density increase from atmospheric pressure i s 35 percent. The data used I n o b t a i n i n g Eq. (2) were r e s t r i c t e d t o r e l a t l v e l y low pressuies (c0.40 GPa) .
I n the present investigation the d e n s i t y s f s i x b a~e f l u i d s war measured f o r t h e pressure range 0,422 t o 2.20 GPa, The data were then curve f i t t e d , and an expression f o r density as a f u n c t i o n of pressure was est8blished f o r these base f l u i d s . The e x i s t i n g and the newly developed formulas are compared.
Because nonconformal contacts such as r o l l i n g -e l e m e n t bearings and gears operate i n t h e range 1 t o 3 GPa, I t i s important t o know how density varies a t these pressures.
APPARATUS
The apparatus used t o measure the e f f e c t o f pressure on t h e density of t h e f l u i d s i s shown I n Fig. 1 . I t i s e s s e n t i a l l y t h e same appaiatus used by Haglund (1984) and H6glund and Jacobson (1985) t o evaluate t h e r e l a t i o n s h i p between l i m i t i n g shear strength and pressure f o r l u b r i c a n t s . Frame -The main p a r t s of the frame are two s t e e l p l a t e s and f o u r columns. 
TEST PROCEDURE
The upper plunger was mounted i n the upper h y d r o s t a t i c bearing. The t h l n p l a t e s holdlng t h e hollow c y l i n d e r were moved upward. The lower plunger was then f i t t e d i n t o t h e c o n i c a l groove I n t h e lower bearing, and t h e threaded plunger-holder was screwed i n t o t h e bearing. The holder was n o t tightened, so t h a t t h e plunger was f r e e t o move a few m i l l i m e t e r s up and down. The wlres from t h e thermocouple were connected t o t h e voltmeter. The seals between t h e plungers and t h e c y l i n d e r hole were then i n s e r t e d about 2 m i n t o the h o l e from I , each s i d e . The t h i n s t e e l p l a t e s hold'ing t h e c y l i n d e r were slowly lowered u n t i l t h e lower plunger was f j t t e d i n t o t h e c y l i n d e r hole. A t t h e same time the plunger was h e l d above the c o n i c a l seat and manually i n s e r t e d I n t o t h e c y l l n d e r hole. I n t n i s way there was no r3sk o f Jarmlng t h e plunger between the bearing and t h e c y l i n d e r . A f t e r the plunger was f i t t e d i n t o t h e c y l i n d e r hole, t t was i n s e r t e d t o a depth o f 9 m I n t c the c y l I n d r i c a 1 p a r t , n o t I n c l u d i n g t h e 8-m-high cross-shaped upper p a r t . The threaded plunger-holder 3 was then ttghtened. The f l u i d t o be tested, 2.5 cm , was i n j e c t e d i n t o the c y l l n d e r and l e f t fcr some hours 4n order f o r posstble a8r bubbles I n t h e f l u i d t o disappear. Any small bubbles r~emaining I n t h e f l u l d would be dissolved when subjected t o the h i g h * t e s t i n g prei;sures
The upper plunger was then lowered and f I t t e d i n t o the hole sf t h e c h a r a c t e r i s t l c s was chosen so t h a t more d e f i n i t e conclusions could be drawn from t h e r e s u l t s . Table 1 gives t h e l u b r i c a n t s , t h e i r kinematic v I s c o s I t i e s a t 40 O C I n square m i l l i m e t e r s per second and t h e l r average molecular welghts, A l l o f the data presented i n t h i s paper are f o r a f i x e d temperature o f 20 O C . An attempt t o describe the e f f e c t of varying temperature on denslty . was n o t f r u t t f u l .
By uslng t h e experimental apparatus the volume o f f l u l d I n the t e s t chamber was established f o r s"r1ous pressures. The volume was corrected f o r the e l a s t l c deformation o f the w a l l s o f the t e s t chamber, A finite-element e l a s t l c l t y computer program was used f o r these calculattons, The I n l t l a l pressure of a l l o f the f l u i d s I n the tes'c apparatus was chose4~ as 0,422 GPa.
Below t h i s pressure t h e accuracy o f the r e s u l t s was questtonable,
The e f f e c t o f volume v on pressure was determined f o r the s l x base f l u l d r as shown \ n Fig. 2 . The volume-pressure r e l a t l o n s h l p , although parabollc a t lower pressures, became l l n e a r a f t e r a c r l t l c a l pressure ps where vl I s t h e l n l t l a l volume ( l e e . , I n t h l r study the volume a t 0.422 GPa).
The e f f e c t o f r e l a t l v e volume v on pressure was determlned f o r the s l x base r f l u l d s as shown l n Fig, 3 . Just as was t r u e f o r t h e volume-versus-pressure p l o t s , the p l o t o f r e l a t i v e volume versus pressure also contains two d i f f e r e n t reglons: parabollc below pS, and l l n e a r above p,. Also p l o t t e d i n Flg. 3
I s t h e e f f e c t o f r e l a t i v e volume as obtalned from the Dowson and Hlgginson
formula (Eq. ( 2 ) ) . By making use o f Eq. (I), Eq. ( 2 ) can be r e w r l t t e n as An Important parameter developed I n the present study l s dvr/dp, o r the change i n r e l a t i v e volume w l t h change I n pressure. Thls may be vlewed as a sttffness parameter. The dlmenslonal u n l t of dvr/dp i s glgapascals-l.
Flgure 4 shows t y p l c a l e f f e c t s o f p on -dvr/dp f o r the varlous base f l u i d s ' tested. Up t o a c r l t l c a l pressure ps the r e l a t l o n s h t p between dvr/dp and p was llnear w l t h a steep negatlve slope. For pressures greater than pS the 7 value o f dvr/dp was constant a t the value n2. Physically t h l s means t h a t , as the base f l u l d was compressed, the dlstance between the molecules of the base f l u l d became smaller and smaller. Therefore a t pressures less than ps t h e molscules nccupled a space l a r g e r than t h e i r molecular voluv~e, The molecules were compressed and freedom o f movement reduced as t h e pressure was
Increased. F l n a l l y a p o l n t was renched when the molecules were packed c l o s e l y together and there was nc change o f dvr/dp w l t h p. Therefore a t pS t h e molecules have no freedom of movement, and any f u r t h e r compression w i l l r e s u l t l n deformatton of t h e molecules and ran be described by dvr/dp equal t o a constant.
Ffgure 5 t h e l e v e l o f dvr/dp i n the reglon p > ps d l d n o t vary s l g n l f l c a n t l y .
PRESSURE-DENSITY EQUATION
From Flg. 4 we can w r i t e the f o l l o w l n g general equations:
-dvr/dp = mp + nl f o r P 5 P s -dvr/dp = n2 for P > P~ where rn slope, ( G P~) -~ n1 I n t e r c e p t , ( G P~) -' 2 asymptote, ( G P~) " From Flg. 4 we can a l s o w r l t e m = (n2 -n1)/pPs or n1 = n -mps S u b s t l t u t l n g t h l s i n t o Eq. ( 5 ) glves -dvr/dp = m(p -p S ) t n2 for p p ps I n t e g r a t l n g Eq. (8) and maktng use o f Eq. (1) d l st! l l a t e , t h e r e was good dgreewnt wf.th t h e Dowson and Hlgglnson (1966) formula, The same cannot be sald f o r the p o l y alpha o l e f l n . I t I s a n t l c l p a t e d t h a t these devlatlons from the normal 1 y used Dowson-Hlgglnson pressure-dens1 t y formula w l l l s q g n l f l c a n t l y Influence the d e f l n l t l o n o f the pressure p r o f i l e i n e l astohydrodynamicall y l u b r l c a t e d con3unctlons. descrlbe t h e r e s u l t s i s the change i n r e l a t i v e volume w l t h change I n pressure dvr/dp.
For pressures less than the s o l l d l f l c a t l o n pressure (p < ps), a small change i n pressure resulted i n a large change i n dvr/dp. For pressures greater than the s o l l d l f l c a t l o n pressure ( p > pS), there was no ct~ange i n dvr/dp w l t h changlng pressure. Once the molecules o f the lubricant became . c l o s e l y packed, increasing the pressure f a l l e d t o a l t e r the value o f dvr/dp. Base f l u l d Naphthenlc d ? s t l l l a t e Naphthenlc r a f f i n a t e P o l y p r o p y l e n e g l y c o l P o l y p r o p y l e n e g l y c o l D l t r t d e c y l a d l p a t e P o l y alpha o l e f l n I n t e r c e p t , n l , Pressure-denslty c o n s t a n t s Asymptote, "2, PRESSURE, p, GPa The i n f l u e n c e of pressure on t h e d e n s i t y o f s i x base f l u i d s was experimentally studied f o r a range o f pressures from 0.422 t o 2.20 GPa. An important parameter used t o describe t h e r e s u l t s i s t h e change i n r e l a t i v e volume w i t h change i n pressure dvr/dp.
For pressures l e s s than t h e s o l i d i f i c a t i o n pressure (p < ps) a small change i n pressure r e s u l t e d i n a l a r g e change i n dvr/dp.
For pressures greater t h a n the s o l i d i f i c a t i o n pressure ( p > ps) t h e r e was no change i n dv,/dp w i t h changing pressure. The s o l i d i f ica'tion pressures o f t h e base f l u i d s varied considerably, as d i d the slopes t h a t t h e experimental data assumed f o r p < ps.
A new formula was developed t h a t describes t h e e f f e c t o f pressure on densfty i n terms of f o u r constants. These constants vary f o r t h e d i f f e r e n t base f l u i d s or sale by the National Technical information Service, Sprlngfleld, Virginia 22161
